A new approach for the asymmetric addition of trimethylsilylcyanide to ketones using chiral N-oxide-Ti(iPrO) 4 complex as catalyst is reported. The screening of a number of chiral N-oxides has resulted in a system that gives the O-TMS ethers of cyanohydrins in good isolated yields with enantiomeric excesses of up to 69%.
The rational design and synthesis of novel chiral ligands directed toward catalytic asymmetric reaction is currently the focus of attention in synthetic organic chemistry. 1 Chiral aminoalcohols, especially which derived from natural amino acids have been employed extensively as ligands in asymmetric catalysis, 2 the development of chiral amine N-oxides derived from aminoalcohols as ligands or catalysts should be a significant addition to the field of asymmetric synthesis. However, this kind of chiral amine N-oxides were employed only in few cases as ligands, e.g. for the enantioselective reduction of ketones. 3 In this context, of particular interest are the recent findings of Shibasaki 4 and our group 5 that oxygen atom of the phosphine oxide and N-oxide coordinate to the silicon atom of TMSCN to activate TMSCN. As a logical extension of these findings, Shibasaki has successfully reported the first example of the catalytic asymmetric cyanosilylation of aldehydes 6 and ketones 7 by the use of bifunctional catalysts with phosphine oxide moiety. Our group has also reported asymmetric Strecker reaction catalyzed by chiral N-oxides 5 and addition of TMSCN to ketones catalyzed by achiral N-oxides-titanium complexes. 8 Since amine Noxides are known to exhibit a significant nucleophilicity toward the silicon atom, 9 we were intrigued by the feasibility of this catalytic asymmetric process based on chiral amine N-oxide, drawing on Shibasaki's bifunctional catalyst concept. We surmised that N-oxides-titanium complexes, if oxygen atoms of N-oxides were effective in activating TMSCN, would give rise to effective chiral bifunctional catalysts, which could effectively catalyze asymmetric cyanosilylation reaction of ketones. Furthermore, despite numerous and significant advances in area of study on cyanosilylation of ketones, 10 there was no report about employing chiral N-oxide-titanium complex as catalyst in this area. Herein, we describe a new, catalytic enantioselective cyanosilylation of ketones with TMSCN that exploits chiral N-oxide-titanium complex 2 as catalyst, which affords O-TMS cyanohydrins in enantioselectivity of up to 69% ee (Scheme).
Scheme
The chiral N-oxides S-1-5-Titanium (1:1.2 molar ratio, Figure) complexes were evaluated by promoting the reaction of acetophenone (0.34 M, 1 equiv) with TMSCN (2 equiv) in CH 2 Cl 2 at 0 °C over 30 h in the presence of chiral N-oxides (0.2 equiv) to give the corresponding O-TMS cyanohydrines, the results are listed in Table 1 .
Figure
The results indicated that, although there was similar structure of available coordination sites to metal in chiral N-oxides S-1-5, which played an important role in asymmetric induction reaction, there was surprising difference in its enantioselective induction abilities. N-oxide 1 proved to be ineffective to promote the cyanosilylation of acetophenone in enantioselectivity (Table 1 , entry 1). The Table 1 gave the O-TMS cyanohydrin with 51% ee by applying S-2, which had been introduced into catalytic asymmetric reduction of ketones by O'Neil, 3 while chiral N-oxides S-3 and S-4 gave no meaningful enantiomeric excesses (Table 1 , entries 3 and 4). Although S-5 turned out to have similar ability of chiral induction to S-2, catalytic activity of S-5 was apparently inferior to that of S-2 (Table 1, entry 5). The results outlined above also indicated that 2¢-position nitrogen atom on pyridine ring at 1-position played a key role in fine-tuning catalyst efficiency.
The reaction conditions for the cyanosilylation of acetophenone catalyzed by S-2-metal complex were optimized systematically with respect to both enantioselectivity and isolated yield. Different metals combined with S-2 were screened, a preliminary survey indicated that Lewis acid Ti(iPrO) 4 was effective, whereas Sm(iPrO) 3 , Zr(tBuO) 4 , ZnI 2 and Al(iPrO) 3 were ineffective.
11 A strong solvent dependence was observed with halogenated solvents providing best results and toluene or ether leading low conversion and ee's. 12 Beside solvent effect, the reaction temperature appeared to be another key factor for catalytic asymmetric induction, the rate of reaction at lower temperature (such as -27 °C or -78 °C) was very slow (impractical), though the enantioselectivity might be improved slightly. 13 In attempt to improve enantioselectivity of asymmetric cyanosilylation of acetophenone, chiral or achiral additives such as R-BINOL and Ph 3 PO etc. were used; unfortunately, no effective additive was found.
With these results in hand, the asymmetric addition of TMSCN to ketones was studied using optimal reaction conditions for acetophenone detailed above. A summary of the results obtained is presented below (Table 2 ). The aromatic, conjugated and aliphatic ketones afforded the corresponding product in moderate to good isolated yield and moderate ee.
The experimental results indicated that the ee values obtained are strongly dependent on the ketones used, i.e. the nature of the substrate strongly influences the reaction.
Especially, ketone with substituent in ortho-position such as 2¢-fluoroacetophenone gave the product in moderate isolated yield and moderate ee, this is the first example of asymmetric cyanosilylation of 2¢-fluoroacetophenone. Interestingly, benzylacetone and trans-4-phenyl-3-butenone as substrate gave the products in 68% ee and 25% ee, respectively. The results are different from that reported by Shibasaki.
14 The enantioselectivity and rate of reactions are very specific to substrate. The relationship between the substrate structure and the ee of the process remains unclear as can be seen from the Table 2 .
In summary, we have developed a new asymmetric cyanosilylation of ketones promoted by chiral N-oxide-titanium complex. The reaction is mechanistically interesting as the first asymmetric cyanosilylation of ketones realized with an N-oxide-titanium approach. Importantly, the ligand used in reaction is readily prepared from chiral amino acid, which is inexpensive and readily available. Additional notable features of the reaction are the employment of a simple experimental protocol and without proceeding under lower temperature. These features should provide possibility for developing of this kind of fine-tuning catalyst. Investigations are currently underway to try to discover the nature of the reaction mechanism and modify the structure of N-oxide for improving the enantioselectivity. toluene, 41 mL, 0.041 mmol) at room temperature, and the mixture was stirred for 1 h, CH 2 Cl 2 was evaporated under reduced pressure. The resulting residue was further dried in vacuo for 30 min. The residue was dissolved in CH 2 Cl 2 (0.5 mL). To this solution, the ketone (0.17 mmol) was added under ice-water bath, followed by the addition of TMSCN (45 mL, 0.34 mmol) as shown in Table 2 . The reaction was monitored by TLC, and after the reaction period described in Table 2 , the solution was concentrated, usual workup and purification by silica gel chromatography gave the product.
